INTRODUCTION
Postoperative arrhythmias are common and occur in 7.5% up to 48% of postoperative pediatric cardiac patients. [1, 2] They may occur intraoperatively as a result of direct injury or manipulation to the cardiac conduction system or during the early postoperative period as a result of local tissue edema and inflammation in the myocardium adjacent to conduction system. Additional contributing factors are arrhythmogenic effects of drugs used commonly during postoperative care and electrolyte disturbances encountered after cardiac surgery. The majority of arrhythmias encountered early after surgeries are self-limited or transient and recover with proper management. [3] The etiology is multifactorial. It is important to recognize that cardiac surgery and cardiopulmonary bypass (CPB) may affect myocardium leading to "stunned myocardium" with depressed function. [4] The heart muscle and conduction system are sensitive during the postoperative period and require optimal hemostasis for recovery early postoperative arrhythmias in children undergoing cardiac surgeries that include younger age and longer bypass and cross-clamp times. [2] In addition, the repair of atrioventricular (AV) septal defects was found to be an independent risk of early postoperative arrhythmias in children. [2] In general, arrhythmia occurring during the postoperative period can be classified into bradyarrhythmia (slow rhythm) or tachyarrhythmia (fast rhythm). Furthermore, tachyarrhythmia can be divided based on the shape of QRS complex to narrow QRS complex tachyarrhythmia (≤0.09 s) or wide QRS complex tachyarrhythmia (>0.09 s). [10] Temporary pacemaker is important in the management of arrhythmias after cardiac surgery, and it is life-saving in cases of bradyarrhythmia. As such cardiac surgeons place temporary "atrial and ventricular" or "ventricular" pacing wires intraoperatively for good number of children undergoing heart surgery. The presence of atrial and ventricular pacing wires can help not only in arrhythmias management but also in diagnosing certain type of arrhythmias by performing epicardial atrial electrocardiogram (ECG). [11] In this review, we will discuss common rhythm disturbances seen after pediatric cardiac surgery from critical care perspective. To facilitate their evaluation, we classify postoperative arrhythmias into:
• Tachyarrhythmia: These can be further categorized into a. Narrow QRS complex tachycardia b. Wide QRS complex tachycardia • Bradyarrhythmia: These can be further categorized into a. Sinus bradycardia and sinus node dysfunction b. Heart block and ventricular asystole.
We will discuss the incidence of each type of arrhythmias in postoperative pediatric cardiac surgery, when do we see them, what are the risk factors, and how can we recognize their different types. In addition, we will discuss how can we do and interpret epicardial ECG to facilitate diagnosis and management of postoperative arrhythmias.
TACHYARRHYTHMIA POSTPEDIATRIC CARDIAC SURGERY
Tachyarrhythmia is commonly encountered after pediatric cardiac surgery. In general, it can be classified according to their origin into narrow QRS complex (≤0.09 s) or wide QRS complex tachycardia (>0.09 s).
Narrow QRS complex tachyarrhythmia after pediatric cardiac surgery Sinus tachycardia
Sinus tachycardia is not an arrhythmia per se, but when the rhythm is fast, it may not be easy to differentiate sinus tachycardia from atrial tachycardia or junctional ectopic tachycardia (JET). It is characterized by fast regular rhythm with P wave preceding each QRS complex. The RR intervals are equal to PP intervals. The heart rate in sinus tachycardia is variable according to age and usually ranges between 160 and 200 bpm and rarely exceeds 200 bpm in infants. The QRS complex is narrow (≤0.09 s) while RR intervals are equals and regular. There are many causes for sinus tachycardia after cardiac surgery including fever, anemia, pain, the use of catecholamines, hypovolemia, hypoxia, low cardiac output state, systemic inflammatory response syndrome, and many others. The management of sinus tachycardia is based on treating the cause. Maintaining adequate preload and normal hemoglobin level can help treating tachycardia associated with hypovolemia or anemia during postoperative management.
Junctional ectopic tachycardia
It is considered to be the most common type of tachyarrhythmia seen during early postoperative care and encountered in 2%-11.2% of children undergoing cardiac surgery. [12] JET is life-threatening tachyarrhythmia that happens particularly after procedures in proximity to AV node (AVN) such as tetralogy of Fallot or perimembranous ventricular septal defect or atrioventricular septal defect repair. [12, 13] It is an automatic focus firing in its own that may start spontaneously during surgery or immediately after surgery most commonly during the first postoperative day. The heart rate is usually between 170 and 260 with narrow QRS complex and AV dissociation. [13] The focus of the fast rhythm in JET originates within or near AVN and impulses are conducted at the same time retrograde to atria and antegrade to ventricles leading to dissociation between atrial and ventricular conduction. Occasionally, ventricular conduction and rhythm can be even faster than atrial rhythm. Hence, the atrial activation and P wave may come before, after, or buried within QRS complex since the ventricular activation is independent and not related to atrial activation. Most of the time atrial P waves is absent and cannot be seen in the regular ECG [ Figure 1a ]. Hemodynamically and because of fast junctional rhythm, the ventricle cannot fill up normally during diastole. This is in addition to the lack of proper sequential synchronization between atrial contraction and ventricular diastolic relaxation that permits proper ventricular diastolic filling and optimal cardiac output; it is well known that atrial contractions contribute to approximately 25% of ventricular filling, and hence, cardiac output in the postoperative period. [14] Losing atrioventricular synchronization and "atrial kicks" may have detrimental effects on recently operated sick heart leading to inadequate cardiac output and profound shock.
Diagnosis of junctional ectopic tachycardia
Diagnosis of JET is not always easy as it resembles other supraventricular tachycardia (SVT). SVT, however, responds commonly to adenosine and cardioversion while JET is usually refractory to both of them. Depending on the site of the foci that generates the JET, P wave may appear inverted due to retrograde activation of the atrium and may be seen after QRS or before the QRS if the foci of JET activating atrium before the ventricle. If the focus of retrograde conduction is blocked, then no retrograde P wave is seen; hence, the atrium is activated by normal sinus beat, and typically, a normal P wave morphology appears marching through junctional rhythm without a clear relation to QRS due to failure to penetrating to ventricle, it may precede, follow, or be hidden within the QRS complex.
We can recognize two patterns of conductions: ventricular-atrial (VA) association and VA dissociation. In VA association, every ectopic beat will be conducted to ventricle and atrium with 1:1 conduction ratio. On the other hand, JET is more commonly occurring with VA dissociation where impulses will be conducted to ventricle faster and more often than atrium. Therefore, ventricle to atrium contractions ratio will be higher in VA dissociation more than the 1:1 ratio seen in VA association. [12] This is a key diagnostic feature.
The presence of atrial pacing wire is very helpful in making the diagnosis of JET by differentiating it from other types of SVT. The atrial wire is simply attached to one ECG leads and 12 leads ECG record is then obtained in the usual fashion, it can demonstrate better than regular ECG the location of P wave in relation to QRS complex and shows dissociation pattern. When atrial pacing wires are connected to lead (I) or (V2 and V5) as demonstrated in [ Figure 2 ], the P wave is accentuated and "magnified" and appears as sharp spike which can be easily visualized and can be identified with its exact position whether before, within or after QRS complex compared to standard ECG tracing. The appearance of P wave within or immediately after QRS complex is supportive to diagnosis of JET [ Figure 1a -d].
Management of junctional ectopic tachycardia
There are common recommendations in the management of JET that include avoidance of inotropes or other medications that enhance tachycardia, optimizing electrolytes, correction of anemia, acidosis, and hypoxia, adequate sedation and analgesia, maintaining good preload, and cooling the core temperature to 34°C-35°C. Amiodarone is a Class III antiarrhythmic agent and has the highest efficacy rate for the treatment of JET. [15] It, is therefore, the first-line treatment option to restore sinus rhythm and slow the heart rate. Amiodarone should be given whenever JET leads to hemodynamic instability, and it is effective in 80%-90% of cases. [12] The recommended dose is 5 mg/kg over 2 h followed by infusion of 10-20 mg/kg/24 up to 46 h. [15, 16] Recently, dexmedetomidine, a selective α-2 adrenoceptor agonist used for sedation, has been reported to reduce the incidence of JET and have increased success in the management of JET in children. It modulates the release of catecholamine resulting in bradycardia and hypotension. Due to its depressive effects on AVN, dexmedetomidine appears to be helpful in slowing the JET rhythm and reestablishing normal sinus rhythm in postoperative patients with JET. In the prospective randomized study, dexmedetomidine infusion of 0.75 μg/kg/h was found to decrease the incidence of JET after tetralogy of Fallot repair. [17] Another study reported a significant decrease in the incidence of ventricular and supraventricular tachyarrhythmia, including JET with the use of peroperative dexmedetomidine in children undergoing cardiac surgery. [18] We better synchronization through the attempt of ventricle sensing and atrial pacing. The aim of this measure is to maintain stable hemodynamic by recruiting atrial kick with sequential pacing while antiarrhythmic medication is persuade as a bridge until tachycardia is controlled • Consider ECMO for refractory cases with life-threatening refractory rhythm.
Of note that rapid atrial pacing may be considered early in many institution even before starting the amiodarone.
Nodal-dependent supraventricular tachycardia
There are two forms of nodal-dependent tachycardia, the so-called AV reentrant tachycardia (AVRT) and AV nodal reentry tachycardia (AVNRT). The former involves abnormal accessory pathway connecting ventricle to atrium retrograde and AVN as antegrade limb to maintain reentrant mechanism of tachycardia. AVNRT is confined to compact AVN produces a mechanism of reentrant due to two pathways within AVN, one is fast and the other is slow conducting pathway acting as antegrade and retrograde limb of tachycardia. SVT usually starts suddenly and responds most of the time to adenosine [ Figure 3a and b]. ECG is characterized by narrow complex, fast, and regular tachycardia with clear visible inverted retrograde P-wave following the preceding QRS in case of AVRT while no visible P wave that can be appreciated with AVNRT. Cardiac surgery can trigger existing mechanism for SVT which is relatively easy to control compared to automatic focus; however, SVT that do not respond to adenosine, synchronized cardioversion can be used at 0.5-1 J/kg. In refractory cases that do not respond to adenosine or cardioversion, second line of the management such as amiodarone or short-acting b-blocker infusion (esmolol) can be considered. [19, 20] 
Atrial flutter
Atrial flutter is reentrant tachycardia confined to atrium, it is unusual tachycardia after pediatric cardiac surgery, characterized by saw teeth P waves at rate more than 300/min with narrow QRS complex. There is usually AV block (AVB) with atrial to ventricular conduction ratio of 2-4:1. The RR interval is variable. This type of tachycardia can be confused with SVT or JET when conducting 1:1 over the AVN. One-way to differentiate this type of rhythm is by giving adenosine while obtaining ECG tracing. Adenosine blocks conduction at the AVN and unmask the atrial P wave demonstrating the actual atrial rate and the classical "saw teeth" appearance of P waves characteristic of atrial flutter [ Figure 4a ]. Atrial flutter that affects hemodynamic responds usually to synchronized cardioversion at 0.5-1 J/kg, similar to all kinds of reentrant tachycardia; cardioversion will help converting abnormal rhythm to sinus [ Figure 4a -c].
Atrial fibrillation
Atrial fibrillation is a rare arrhythmia after pediatric cardiac surgery. The rhythm is irregularly irregular; there are no discernible P waves with atrial rate more than 350/min. QRS complex is narrow with variable RR intervals. The fast rhythm may cause hemodynamic instability. The management is targeted either to rate control or rhythm control. Drugs that slow heart rate by blocking AVN ultimately result in reasonable ventricular response and restore stable hemodynamics, including beta-blocker, calcium channel blockers, and digoxin. Rhythm control can be achieved chemically by antiarrhythmic medication such as amiodarone or electrically by synchronized cardioversion. This rhythm as well as flutter predisposes to clot formation if lasted for more than 72 h, so echocardiography should be performed before cardioversion to rule out the presence of thrombi in the atria.
Wide QRS complex tachyarrhythmia after pediatric cardiac surgery
In general, this type of arrhythmia is life-threatening and requires immediate recognition and management. In this regard, we can recognize three important rhythms abnormalities that include ventricular tachycardia, supraventricular tachycardia with aberrancy, and ventricular fibrillation.
Ventricular tachycardia
Ventricular tachycardia is life-threatening fast organized rhythm with wide QRS complex. It is often associated with hemodynamic instability or even absent pulse. If there is hemodynamic instability but with palpable pulse, the management required synchronized cardioversion starting with 0.5 J/kg followed by the infusion of amiodarone or lidocaine. [10] On the other hand, ventricular tachycardia with absent pulse required cardiopulmonary resuscitation (CPR) with immediate defibrillation starting with 2 J/kg as soon as the defibrillator is set and charged [ Figure 5a and b]. Amiodarone or lidocaine infusion should also be given after defibrillation to prevent further attacks.
Supraventricular tachycardia with aberrancy
SVT in association with the right or left bundle branch block may appear as wide QRS complex tachycardia with morphology that is difficult to differentiate from ventricular tachycardia. Epicardial ECG with atrial leads recording may help differentiating the origin of the tachycardia. Trial of adenosine can also help in the management of SVT. If the child is hemodynamically unstable synchronized cardioversion may be necessary.
Ventricular fibrillation
This is life-threatening rhythm required immediate CPR with defibrillation starting with 2 J/kg up to 10 J/kg [ Figure 6 ]. During postoperative care, this may happen as a primary sudden isolated cardiac event or may happen secondary to respiratory or hemodynamic failure. It is often triggered by catastrophic events leading to ventricular fibrillation and subsequently cardiac arrest. The cause for the arrest should be treated immediately. If there is no obvious reversible cause and the child does not respond promptly to initial resuscitation measures the surgeon, anesthesia, operative staff, and ECMO team should be immediately involved for sternal reopening and deployment of extracorporeal mechanical life support. If there is standby ECMO team, the team and cardiac surgeon should be immediately alerted and get prepared once life-threatening arrhythmia is encountered in any fresh postoperative cardiac case.
BRADY ARRHYTHMIA AFTER PEDIATRIC CARDIAC SURGERY

Sinus bradycardia and sinus node dysfunction
Sinus bradycardia is common after pediatric cardiac surgery. It is recognized as regular rhythm with P wave before each QRS complex and slow heart rate. There are multiple reasons for sinus bradycardia after cardiac surgeries that include hypothermia, deep sedation, and medications. The management of bradycardia is by treating the cause. It is important to closely monitor the signs of adequate cardiac output in cases of bradycardia after cardiac surgery as cardiac output is equal to stroke volume multiplies by heart rate. Infants have stiff ventricle and depends on increasing heart rate rather than stroke volume to increase their cardiac output. When a child has low heart rate postoperatively, the cardiac output may not meet body O 2 demand with resultant anerobic oxygenation and tissue hypoxia. The etiology of sinus bradycardia sometimes may not be clear and it is labeled as sinus node dysfunction. The management may require temporary pacing of the heart at higher rate to increase cardiac output and tissue perfusion. 
Sinus node dysfunction
Sick sinus syndrome or sinus node dysfunction is a group of heart rhythm disorders that can be encountered sometimes after pediatric cardiac surgery. It is usually seen after heart surgery involving the right atrium near sinus node. Direct injury or manipulation of tissue near sinus atrial node is linked to this syndrome as in cases of atrial septal defect closure or partial anomalous pulmonary venous connection repair. [21, 22] It is also reported after the Fontan procedure. It may appear as slow sinus rhythm that may alternate with episodes of tachycardia-bradycardia or may appear as frequent sinus pauses or may appear as sinus arrest. The slow abnormal rhythm will lead to decrease cardiac output that does meet body demand. In sick sinus node, the conduction through AVN remains intact and patient responds to temporary atrial pacing (AAI). Sinus node dysfunction usually improves with time; however, in cases where rhythm does not return back to normal, a permanent pacemaker is indicated. [22] Heart block and ventricular asystole Heart block Partial and complete AVB are the most common indication for permanent pacemaker need postpediatric cardiac Figure 7 : (a) Postoperative child with second-degree heart block. (b) Third-degree heart block after atrioventricular septal defect repair demonstrating P waves "marching through" QRS complexes b a surgery. [20] Heart block is encountered during or after cardiac surgery near AVN such as tetralogy of Fallot repair, atrioventricular septal defect repair, or perimembranous ventricular septal defect repair. [23] There are certain types of patients at risk for AVB such as patients with congenitally corrected transposition of the great arteries due to the location and development of conduction system in this disease. [24] Children who have heart block endure slow rhythm with dyssynchrony between atrial and ventricular contractions. That may negatively affect cardiac output leading to hypoperfusion with hemodynamic instability. Symptomatic postoperative children with Mobitz Type II second-degree heart block or third-degree heart block require temporary pacing [ Figure 7a and b]. If patient has atrial and ventricular wires, then dual chamber pacing is indicated using dual chamber pacing mode such as Dual Pacing, Dual Sensing, Dual Inhibition and Triggering (DDD) or Dual Pacing, Dual Sensing, Dual Inhibition (DDI). If patient has only ventricular pacing wire, then single chamber pacing with VVI mode (ventricular sensing, ventricular pacing, and ventricular inhibition) is indicated. Many children improve and recover within 7-10 days after surgery and reclaim their own baseline normal sinus rhythm with normal AV conduction. Others may continue to have heart block with slow rhythm that requires permanent pacemaker insertion.
Venticular asystole
When a patient develops heart block the sinus node impulses cannot be conducted through AV node. A lower escape rhythm in cardiac conduction system may take over instead of sinoatrial node. The escape rhythm has usually slower rate than normal sinus rhythm and mislays sequential synchronization between atrium and ventricle leading to inadequate cardiac output. Infrequently, the heart with complete AVB exhibits no escape rhythm with complete heart block and ventricular asystole or standstill. The child with postoperative ventricular asystole depends entirely on pacemaker for cardiac output. Steroid, theophylline, atropine, and isoproterenol have been tried to stimulate ventricular escape rhythm and AV mode conduction. Many children recover and return to normal sinus rhythm with normal AV conduction few days after surgery. If child shows no sign of improvement or inadequate rhythm recovery within 10-14 days postsurgery then permanent pacemaker should be considered.
CONCLUSION
In summary, arrhythmias are common after pediatric cardiac surgery. JET is the most common type of tachyarrhythmia seen during early postoperative care. Postoperative arrhythmias can be life-threatening tachyarrhythmia and need to be recognized and managed immediately. Majority of children recover with time and proper management. On the other hand, heart block is common bradyarrhythmia encountered postsurgery that may require temporary pacing during postoperative period. Most of children recover within 1-2 weeks postsurgery. Some patients may continue to exhibit abnormal slow rhythm and depends on temporary pacemaker after 10-14 days postsurgery. Permanent pacemaker would be recommended and indicated in these cases to support cardiac rhythm and prevent any hemodynamic embarrassment.
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